Abstract-Two types of microwave filters, metallic powder filters and a filter using a resistive coaxial cable, were tested. Attenuation of the metallic powder filters using copper or stainless steel (SUS304L) was measured at 300 K, 77 K, and 4.2 K, and it was found that SUS304L powder of nominal 30 m grain size gives best result as the microwave filter for single electron tunneling (SET) experiments. Attenuation of a coaxial filter, or Thermocoax with SMA connectors attached at both ends is larger at low temperatures than that at room temperatures, and the temperature dependence of the attenuation does not agree with Zorin's model. The filter arrangement in our cryostat designed for SET experiments, is also reported.
I. INTRODUCTION
I N THE COURSE of study of single electron tunneling (SET) phenomenon, the quantized current was obtained by Pothier et al. with accuracy of 0.1% using a twogate single electron pump [1] , and the electron transfer one by one was demonstrated by Martinis et al. using a five-junction single electron pump with an error of 0.5 ppm [2] .
Thermal fluctuation, co-tunneling, and photon-assisted tunneling are considered main reasons for the error. The error due to the thermal fluctuation decreases as the temperature is decreased and becomes negligibly small at working temperatures of SET devices of the order of 100 mK. The error due to the co-tunneling is inevitable, it can be reduced by decreasing the temperature and the driving frequency [3] . Substantial error due to the photon-assisted tunneling, however, can remain even after decreasing the temperature of SET devices. The photon-assisted tunneling is caused by electromagnetic noise, or photons with energy of , that is introduced from higher temperature part to the SET devices at low temperatures through lead wires attached for control and measurement. Since the energy of a photon of the frequency higher than 20 GHz corresponds to thermal energy of the temperature higher than 1 K, those photons easily bring unwanted tunnelings which result an error to the quantized current.
To eliminate such electromagnetic noise, some types of a microwave filter have been contrived. A microwave filter using copper powder was developed as an effective passive filter. The electromagnetic noise is dumped by the skin effect at each copper grain [4] . In another technique, a miniature onchip RC filter has been fabricated, which consists of an optical lithographically made AuCu meander line on an oxidized Si chip and two SMA connectors attached at both ends of the chip [5] . Recently, Zorin reported the characteristics of thin Thermocoax cable made by Philips Co., Ltd. as the microwave filter for SET experiments [6] . This cable is a resistive coaxial cable originally used for a heater line with isolating sheath designed to work in vacuum. We have measured the attenuation of two types of microwave filters for SET experiments. Attenuation of microwave filters using metallic powder was studied by changing powder material, grain size, fixed epoxy and an inner wire. The microwave filter using the thinnest Thermocoax cable was also measured at lower temperatures. We have found that the attenuation of the coaxial filter becomes large as the temperature decreases, and the temperature dependence of the attenuation does not agree with Zorin's model. Finally, we will report the arrangement of the microwave filters in our cryostat designed for SET experiments.
II. METALLIC POWDER FILTER
The microwave filter using metallic powder consists of an inner wire installed in a case filled with metallic powder with a grain size order of m [4] . Hereafter, we will call it a metallic powder filter. Several kinds of the metallic powder filter were made by changing powder material as copper powder or stainless steel (SUS304L), grain size as nominal 30 m or 1 m, fixed glues as Stycast 1266 or 2850FT epoxy, and material or length of an inner wire. The attenuation of the filters was measured by Wiltron 360B vector network analyzer with a SMA coaxial cable measurement configuration.
First, we compared copper powder and SUS304L powder as dissipation material for the microwaves using the same brass filter case which has the powder filling space 44 mm 5 mm 9 mm, two SMA connectors attached at the both ends, and the same 0.5 mm diameter copper inner wire wound in a 3 mm diameter, 20-turn spiral from. The nominal grain size of both material was 30 m, and those powders were fixed by Stycast 1266 epoxy. Fig. 1 shows the frequency dependencies of the attenuation of the two filters measured at 300 K and 4.2 K.
The attenuation of the copper-powder filter is larger than 20 dB above 2 GHz at 300 K, though that reduces more than 10 dB in that frequency range at 4.2 K. This reduction is thought to be caused by the reduction of resistance of copper powder as the temperature decreases. Furthermore, the 0018-9456/97$10.00 © 1997 IEEE attenuation at 4.2 K increases with oscillation as the frequency increases. On the contrary, the attenuation of the SUS304L powder filter becomes larger than 20 dB above 1 GHz at 300 K and larger than 40 dB above 3 GHz. Moreover, the attenuation reduces less than 2 dB in that frequency range at 4.2 K. It was also found that reflection of the microwaves at the SUS304L powder filter is less than that of the copper powder filter.
Since the metallic powder filter placed at low temperatures are used not only for the noise elimination but also to obtain enough thermal equilibrium of the electric leads from high temperature parts of a cryostat, we changed the epoxy to Stycast 2850FT which has been used in low-temperature experiments as a glue to make thermal anchors. Compared with viscosity of Stycast 1266 of 0.65 Pa s Stycast 2850FT has considerably higher viscosity. We note that three kinds of catalysts are available for Stycast 2850FT, and catalyst 23LV is chosen as its the lowest viscosity of 12 Pa s Due to its high viscosity Stycast 2850FT hardly permeates into the packed powders. Therefore, the powders and Stycast 2850FT were mixed by fifty-fifty in weight beforehand, and then the inner wire was packed with the mixture. The mixing ratio is very sensitive to solidification of the mixture. If the ratio of SUS304L powder increases more than 50%, the mixture becomes more brittle, which implies worse thermal conductivity of the mixture.
Then, we studied the difference of the attenuation due to the grain size of SUS304L powder. The powders of a nominal grain size of 30 m and 1 m were prepared as damping materials. The frequency dependencies of the attenuation measured at 300 K are shown in Fig. 2 . The attenuation of the filter with 30 m grain powder is larger than that of 1 m grain powder. If the damping of the microwaves is simply proportional to the surface area of surrounding oxide layer of the grain, the attenuation of the filter using smaller grain size will become larger. However, Fig. 2 shows an opposite tendency. We consider that this result is caused by a smaller packing factor of the 1 m grain powder that leads to less effective surface area of the oxide layer. This hypothesis is supported by the fact that the attenuation of the SUS304L powder filter of grain size 30 m at 300 K is reduced by changing the epoxy, which can be observed by comparing the corresponding curves shown in Fig. 1 and 2 . The packing factor of SUS304 powder in the mixture with Stycast 2850FT is less than that with Stycast 1266 due to its higher viscosity and difficulty of mixing.
From the results shown in Fig. 1 and 2 , we adopted the combination of SUS304L powder of grain size 30 m and Stycast 2850FT as damping material for the effective noise elimination with considerable thermal isolation.
To determine the length of the SUS304L powder filter for practical design, we compared the attenuations of the filter with different material and length of the inner wire. Copper wire of 0.5 mm diameter and CuNi clad NbTi superconducting wire of 0.1 mm diameter were used for the inner wire. The copper wire is expected to obtain good thermal equilibrium at the filters, and the superconducting wire is to obtain good thermal isolation. Nevertheless, no significant difference is seen between the attenuations of the filter using the copper inner wire and the superconducting inner wire even at 4.2 K. Moreover, we found that the attenuation of the filter seems to depend only on length of the inner wire, comparing the attenuation of the filter with a different lengths of inner wire. Table I lists the measured attenuation per length from several filters with different lengths of the inner wire made of copper wire of 0.5 mm diameter. The shape of the 80 mm long inner wire is a straight line, and the shapes of the others are a spiral coil of 3 mm diameter. An inner-wire length of 1000 mm is enough to obtain attenuation larger than 40 dB above 1 GHz.
III. THERMOCOAX FILTER
Recently a resistive thin coaxial cable, Thermocoax, manufactured by Philips Co., Ltd., has been used as a microwave filter, whose characteristic was reported by Zorin [6] . This We made the microwave filter using the thinnest Thermocoax sample of 500 mm length (Type 1 NcI: inner wire made of NiCr (80/20), the sheath Inconel, an outer diameter 0.5 mm) attached with two SMA connectors at both ends. Measured characteristic resistance of the inner wire is 48 /m and that of the sheath is 10 /m.
The sheath and the inner wire are isolated by compacted MgO powder. The isolation becomes important for a precise current measurement. The leakage resistance of this filter was measured at 300 K, 77 K and 4.2 K by a high resistance meter HP 4329A with auxiliary SMA semi-rigid cables and connectors used for the attenuation measurement. The results are listed in Table II . The leakage resistance of the Thermocoax sample at 77 K was evaluated to be higher than 1 10 , which measurement was limited by the leakage of auxiliary components at that temperature. The leakage resistance at room temperatures is insufficient for precision current measurements. Careful attention must be paid to the low leakage resistance of Thermocoax cable when used at room temperatures. The reason why the leakage resistance at 4.2 K reduces compared with that at 77 K, is not clear. However, we note practically that the leakage resistance at 4.2 K is not as high as expected.
According to Zorin's model [6] , the attenuation of Thermocoax cable is expected to show dependence at high frequencies as the skin depth has dependence. The frequency dependence of the attenuation of the filter using Thermocoax described above is measured at 300 K, 77 K, and 4.2 K. As shown in Fig. 3 , the attenuation at 300 K shows dependence and that value is about 25 dB at 1 GHz and larger than 80 dB at 10 GHz. These values are in good agreement with Zorin's result. Nevertheless, the frequency dependence varies as the temperature decreases. For frequencies lower than 0.5 GHz the attenuation at 77 K becomes largest, while for frequencies higher than 1 GHz the attenuation at 4.2 K takes the largest value. Moreover, the frequency dependence at 77 K and 4.2 K differ from the dependence. The attenuation at 77 K shows a weaker frequency dependence than while that at 4.2 K shows a stronger frequency dependence than Since the resistance of the inner wire and the sheath is expected to be reduced by less than a few tenths of its value at 300 K as the temperature decreases from 300 K to 4.2 K, which leads to reduction of the attenuation, the increment of the attenuation at 77 K and 4.2 K is thought to be related to the nature of insulating material MgO powder. This assumption is supported by the temperature dependence of the leakage resistance listed in Table II .
From the result of measurements, it is revealed that Thermocoax cable has a high attenuation, which becomes more than 100 dB/m above 1 GHz at any temperature. The flexibility of that cable is another advantage to make electric wiring easy. Disadvantage of the cable is the small leakage resistance at 300 K. Moreover, the leakage resistance is relatively small even at 4.2 K compared with other electric parts. We consider that it is not proper to use Thermocoax cable for electric leads connecting directly from the lowest temperature part to the room temperature part of the cryostat, but it is suitable for the microwave filters kept at low temperatures.
IV. SUMMARY: FILTER ARRANGEMENT IN OUR CRYOSTAT
We have made a dilution refrigerator using a commercial refrigerator unit combined with a homemade 1 K pot and other gas handling systems. The unit, purchased from Oxford Co., Ltd., has cooling power about 400 W at 100 mK. To obtain easy access for wiring electric leads or setting the microwave filters, the refrigerator is designed to have enough experimental space on the 1 K plate, on the still plate, and under the mixing chamber. Fifteen holes are prepared on the 1 K plate and the still plate, in which SMA connectors or commercially available attenuators can be placed. In our measurement, a SET device is mounted on a 16-pin DIP package and that package is placed in the sample holder attached under the mixing chamber. Sixteen coaxial leads are wired from the DIP package up to the room temperature part of the cryostat. These coaxial leads run through He bath, then go into the vacuum chamber through the top flange of the vacuum can.
To obtain complete thermal isolation of the coaxial leads, we use two SUS304L powder filters on each coaxial lead at low temperatures. One filter, which we call the inlet filter, is placed on the top flange of the vacuum can. This filter also plays a role of a feedthrough of a coaxial cable to the vacuum chamber and is always immersed in liquid He. A photograph of the inlet filter is shown in Fig. 4 before the packing by mixture of SUS304L powder of 30 m grain size and Stycast 2850FT. Four SUS304L powder filters were built in one stainless steel body using independent holes. The outer diameter of the inlet filter is 25 mm and that of the indium sealed flange is 40 mm. The inner wire was made of 0.5 mm diameter copper wire of 500 mm length, which is wound in spiral coil form 3 mm diameter. Another filter is built in the same body of the sample holder made of OFHC copper. Fig. 5 shows the sample holder with built-in SUS304L powder filters before the packing. Four powder filters are built in every four holes surrounding the center square hole for mounting the DIP package. The inner wire is the same as that in the inlet filter except the length is 1000 mm.
The estimation of Vion et al. [5] indicates that an attenuation more than 200 dB is needed for the direct connection from SET devices at the lowest temperature about a few tens of mK to a room temperature part of the cryostat, and more than 100 dB is needed from the devices to the part at 4.2 K. Measured attenuations of the inlet filter and the filter at the sample holder were 20 dB and 40 dB at 1 GHz, respectively. Total attenuation of one coaxial lead is about 60 dB, which is smaller than that obtained form the above estimation. It is supposed that the difference between the measured attenuation and a simple estimation from the results in Table I is caused by difficulty in packing the mixture.
We consider that the noise elimination by the above two filters is enough for the first step of SET experiments. However, Thermocoax cable will be used as an additional microwave filter connecting between the still plate and the sample holder, if the filtering is not enough for more precise measurements.
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